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Abstract 
This study is based in a field monitoring of a cave-soil-atmosphere system validated with laboratory 
experimentation. CO2 and 222Rn dynamics in the cavity demonstrate the dependence on the climatic 
parameters, mainly on the differences between outdoor and indoor temperatures. Within the cave, the 
annual cycles are characterized by two outstanding moments: cave gaseous recharge and ventilation 
when cave acts as gaseous sink or source respectively. Relationship with soil above the cave exists 
permanently. Soil temperature and moisture are responsible for CO2 production at different time scales. 
Soil CO2 in Rull site reaches values higher than 3000 ppm in April-May, which falls to nearly 1000 ppm 
during the summer time. Due to CO2 diffusion, maximum values in the cave are reached in the warmest 
months and are in accordance to soil CO2 values. Within the cave, maximum CO2 concentration is, in 
average, 3470 ppm while minimum is 623 ppm. Cave temperature and relative humidity remain quite 
stable with mean values of 16.1 ºC and 97.9% respectively. To describe field findings, CO2 production 
and diffusion experiments are developed related to soil behaviour. Results show that soil CO2 
production increases as soil temperature and moisture increase according to a calculated logarithmic 
equation until water content in soil exceeds the saturation values. In addition, CO2 diffusion in Rull soil is 
reduced around 60% when water content in soil increases from 0 to 30%. Soil-produced CO2 reaches 
Rull cave, by diffusion. We estimate 57 kg of emitted CO2 from the cave to the atmosphere in an annual 
cycle, considering a volume of 9915 m3. Finally, projections of future climate in the study site confirm a 
general tendency for annual-mean conditions to be warmer and drier, which will directly affect soil CO2 
production. Under this situation, Rull cave will experience changes in the stored and then exchanged 
annual amount of CO2. 
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CO2 diffusion recharges the cave and falls as soil water content increases 
Soil CO2 concentration is parameterized as function of soil moisture and temperature 
Future predictions about climatic change may consider caves as natural CO2 sources 
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1. Introduction 
Shallow caves are distributed widely across continental ecosystems and contain significant volume of 
underground air with high concentrations of soil-derived CO2 (Wood, 1985; Bourges et al., 2001, 2014; 
Faimon et al., 2006; Cuezva et al., 2011; Fernandez-Cortes et al., 2011, 2015a; Garcia-Anton et al., 
2014). In particular, karst ecosystems are characterized by an inherent high capacity for gas exchange 
with the atmosphere. The continuous balances calculated for the CO2 increases due to anthropogenic 
emissions do not coincide with those observed in the atmosphere, demonstrating the existence of a 
significant terrestrial missing sink (Tans et al., 1990; Houghton et al., 1998). Some initial studies 
highlighted the potential contribution of the carbonate dissolution processes to this “unknown” sink (Liu 
and Zhao, 2000; Gombert, 2002), however, it has been traditionally neglected or underestimated in 
studies about net carbon balance in terrestrial ecosystems (Serrano-Ortiz et al., 2010). The ongoing 
interest in below-ground CO2 capture and storage, as one potential mitigation strategy to reduce the 
human CO2 atmospheric emissions, has underlined the need for more knowledge regarding the 
geological storage capacity (Post et al., 2012; Nickerson and Risk, 2013). Although estimations about the 
net contribution of karst areas to the global carbon cycle is still under debate (Liu and Zhao, 2000; Liu et 
al., 2010; Serrano-Ortiz et al., 2010; Martin et al., 2013; White, 2013; Fernandez-Cortes et al., 2015b; 
Milanolo and Gabrovsek, 2015) there is evidence of their role acting CO2 sources and sinks. 
In the underground karstic caves, the stored air is CO2 enriched due to, among other principal 
contributors, natural fluxes associated with direct diffusion and/or convection from soil and CO2 related 
to ground air zone, formed by the decay of organic matter washed down into the unsaturated zone 
(Mattey et al., 2016). CO2 dissolution in water filling the soil-epikarst pore space, results in CO2 
degassing from drip water that also contributes to increases in cave air CO2 content. 
Soil is the terrestrial ecosystem component that emits the largest CO2 fluxes (Ryan and Law, 2005; 
Goffin et al., 2014). Caves participate in the redistribution of this soil CO2, acting as temporary CO2 
reservoirs at certain periods. CO2 fluxes are the result of the soil-produced CO2 then transported from 
the place of production. Both processes conform soil respiration, which closely depends on atmospheric 
conditions. Furthermore, soil and chemical properties, microbial and root activities and activities from 
macro- and microfauna are essential controllers as well (Zanchi et al., 2014). 
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Many studies have found that soil respiration is closely related with soil temperature and moisture and 
this is because biological activities in soil are strongly affected by the environmental factors (Fang et al., 
1998; Gulledge and Schimel, 2000; Lavigne et al., 2004; Badia et al., 2013; Sun et al., 2013; Chang et al., 
2014). Small changes in ecosystem respiration due to climate change may alter the amount of emitted 
CO2. Directly according to this, atmospheric and underground CO2 concentrations will also vary. 
Considering a future insight, there is no clear response to predictions about variations in CO2 but 
nowadays it is becoming a crucial step quantifying how ecosystem respiration will respond to 
environmental perturbations (Xu et al., 2004). 
The existing narrow relationships between outdoor atmosphere, the soil/rock membrane and the 
underground atmosphere constitute a multicomponent system that works in accord. Variations in one 
of the components will reflect the effect in the others. As consequence, optimal research in how all the 
components are related and their response to the controllers, will allow estimating more precise 
variations related to future climate change. 
The monitoring of underground environments is a key factor to understand the processes. Cave climate 
and, particularly, cave temperature is usually considered relatively stable (Bourges et al., 2006; Ravbar 
and Kosutnik, 2013). If soil temperature is a principal controller of soil respiration, differences between 
outdoor and cave temperature are essential in the role of the cave acting as CO2 source or sink (Faimon 
et al., 2006; Benavente et al., 2011; Sanchez-Cañete et al., 2013; Mattey et al., 2016). The understanding 
of all the interactions will derive in more accurate determinations of the interchanged amount of CO2 
towards the annual cycles, specially with a view to detecting changes in CO2 contributions to the global 
carbon cycle. 
The aim of this paper is to quantify the mechanisms and evaluate the environmental factors that control 
the gas transport through soils and rocks and their implication in the balance of atmospheric CO2. 
Results of the study pretend to highlight the main drivers in this multicomponent system. To achieve 
this goal a comprehensive monitoring of climatic, cave air and soil parameters was used to capture the 
response of the pCO2 in underground air to changes in outdoor and soil conditions. Both, cave and soil, 
follow cyclic and repetitive seasonal behaviour, which allows understanding the guidelines of their 
interaction and their possible response versus future climatic changes. The field results were treated 
and filtered by discrete wavelet transform and then related to laboratory results. Laboratory 
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experiments were specially designed to understand the soil response to changes in temperature and soil 
moisture, representing field conditions. Finally, we evaluate the estimated evolution of CO2 
concentration according to predictions of future climate change. CO2 concentration is parameterized via 
a logarithmic expression of moisture and soil temperature obtained through the laboratory experiment 
and validated with field data.  
2. Methodology 
2.1. Site Information 
The field data sets analysed in this study were produced from the continuous measurements performed 
in Rull cave (38º 48’ 40”N; 0º 10’ 38”W), in the south-eastern area of Spain (Alicante province) (Pla et al., 
2015). The cave is located in massive Miocene conglomerates, with considerable textural and 
petrophysical complexity, which were deposited on Cretaceous limestones. The relative thickness of the 
overlying host rock varies from 9 to 23 metres. The soil profile above the cave has a thickness of about 1 
m with fine to coarse texture and no differentiated horizons. The vegetation consists of C3 plants, which 
are distributed in the form of Mediterranean shrubs (Chamaerops humilis, Osyris quadripartite, 
Rosmarinus officinalis, Erica multiflora, Cistus albidus, Ulex parviflorus). Rull cave area is defined by a 
Mediterranean sub-humid climate (Rivas-Martinez, 1983). A nearly 3-year record (December 2012 – 
January 2016) reveals that mean value of annual precipitation in Rull cave was 457 mm. Averaged 
temperatures varied from 10.4 ºC in the coldest months to 30.1 ºC in summer. Inside the cave there is 
predominance of thermo-hygrometric stability, even with the presence of visitors (average annual value 
of 13074 people in the period 2013-2015). Mean temperature inside the cavity was 16.4 ºC with thermal 
amplitude lower than 0.5 ºC. The gaseous regimen in the indoor atmosphere is characterized by annual 
cycles with two main stages (Pla et al., 2016a). Throughout the outgassing stage the connexion between 
the underground and the outdoor atmosphere predominates and the gaseous interchange is allowed. 
Thus a ventilation process (temperature-driven air flow) is responsible for the gaseous removal from the 
cavity when the cave temperature is higher than the outdoor temperature. CO2 and 222Rn concentration 
in this stage had an average value of 623 ppm and 712 Bq m-3 respectively (Figure 2). During the 
warmest season, when outdoor temperature is higher than the cave temperature, the cavity suffers an 
isolation stage; the gaseous interchange is limited and, as consequence, the gaseous concentration 
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increases sharply. Mean CO2 and 222Rn concentrations were 3544 ppm and 3195 Bq m-3 respectively 
(Figure 2). 
2.2. Field sampling 
2.2.1. Environmental measurements 
Standard microclimatic and meteorological parameters were measured continuously from December 
2012 to January 2016. Inside the cavity, the monitoring station was composed by an 8-channel, 16-bit 
datalogger (COMBILOG TF 1020, Theodor Fiedrich & Co., Germany) with a suite of probes. Particularly, a 
non-dispersive infrared analyser, (ITR 498, ADOS (Germany)) 0-10000 ppm measurement range and 
0.3% accuracy with a suction pump, was used to measure CO2 concentrations. Air temperature and 
relative humidity were measured by a HygroClip S3 sensor (Pt100 1/10 DIN temperature sensor and 
Rotronic humidity sensor). Measurement ranges were from -40 to 100 ºC and 0-100% with accuracies of 
± 0.10 ºC and ±0.8% respectively. Atmospheric pressure was measured with a silicon capacitive sensor 
Vaisala BAROCAP-PTB 100 (Finland) with a measure range and accuracy of 800-1100 ± 0.3hPa. The 
station scanned each sensor every 10 s and recorded the 15-min averages. Radon concentrations were 
determined with a Radim 5WP Radon monitor (SMM Company, Prague, Czech Republic). The device was 
designed to support high humidity conditions. This monitor determines radon concentration by 
measuring gross α-activity of the radon decay products 218Po and 214Po, collected electrostatically on 
the surface of a Si-semiconductor. The lowest detectable activity is 80 Bq m-3, for 1-h measurements 
with a statistical error equal to ±20%, and the maximum is 150 kBq m-3. Outside the cave, a weather 
station (HOBO U30, Onset, Bourne, MA, USA) with an array of sensors was employed to record 
atmospheric conditions (air temperature, relative humidity and barometric air pressure with measuring 
ranges and accuracies of 0-50 ± 0.03 ºC, 0-100% ± 0.6% and 800 to 1100 ± 0.1 mbar respectively). 
Rainfall amount was registered by a 147 RG2-M rain gauge (Onset Computer Corporation, Bourne, MA, 
USA, resolution 0.2 mm). In addition, from February 2015 to January 2016, soil temperature and 
volumetric content (VWC) were controlled by a HOBO U12 (Onset, Bourne, MA, USA, accuracy ±0.5 ºC) 
and by an ECHO EC-5 (Decagon Devices, USA, accuracy 1-2%) respectively, buried in soil at 20 cm depth.  
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2.2.2. Gas sampling and analysis 
Discrete air samples were monthly-bimonthly collected from January 2014 to May 2015 in order to 
characterize the spatial distribution and temporal variations of CO2 concentration in background 
atmosphere, cave and soil air and its isotopic value, δ13CO2. Soil air was pumped using micro-diaphragm 
gas pump (KNF Neuberger, Freiburg, Germany) at 3.1 l min-1 at atmospheric pressure and a steel tube 
with grooved sides at its ends (0.35 m depth). Exterior air and air from the cave was sampled with an air 
pump. Air was stored in 1l Tedlar bags with lock valves and then analysed in a period no longer than 48h 
after sampling using a Picarro G2101-i analyser (California, USA, accuracy of 0.3‰ for δ13CO2 after 5 
minutes of analysis) that employs cavity ring-down spectroscopy (CRDS-WS) (Crosson, 2008). The 
analyser measures the isotopologues of the carbon dioxide (12CO2 and 13CO2) and automatically 
calculates the isotopic value, δ13CO2. Further technical specifications and details about the quality 
control of measurements are described by Garcia-Anton et al. (2014) and Fernandez-Cortes et al. 
(2015a). The number of analysed samples was 197 (96 from the cavity, 58 from soil air and 46 from 
exterior atmosphere). The isotopic analyses of δ13CO2 finished after May 2015. Afterwards, discrete 
measures of CO2 in the atmosphere and soil were carried out with a Senseair portable CO2 concentration 
sensor (SenseAir, Sweden, measuring range 0-10000 ppm, accuracy ±20 ppm). To measure CO2 in soil, 
the soil air was extracted using a microdiaphragm gas pump (KNF Neuberger, Freiburg, Germany) at 3.1 
l/min at atmospheric pressure and a steel tube with grooved sides at its ends. The steel tube was 
directly connected by using a polyurethane tube, to the gas inlet of the portable probe. In the cave, 
continuous measurements of CO2 concentration were performed with the microclimatic station and 
verified with the measurements obtained with the portable probe. 
2.2.3. 24h flux campaign 
With the aim to analyse the soil behaviour and its evolution in a 24h cycle, a flux campaign was 
performed in Rull site. In addition, these measurements were accompanied by isotopic measurements 
to evaluate the relative contributions of diffusion and advection to temporal variations of soil CO2 
concentration. The equipment consisted of an automated soil CO2 flux system (Li-8100, Li-Cor, 1.5% 
accuracy of CO2 concentration reading) with Long-Term Chamber 8100-104 to make continuous 
measurements. The chamber was installed over a single PVC collar (20 cm inner diameter), which was 
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permanently installed in the soil. The flux sampling, 24h length, was developed in July 17, 2015. The 
Long-Term Chamber was programmed to make 3 consecutive measurements (allowing aeration 
between them) every hour. Soil CO2 fluxes were estimated using the initial slope of a fitted exponential 
curve adjusted for the total (chamber and collar) volume. To ensure the validity of the measurements, 3 
repetitions of the flux measure were performed every hour and then an average flux value was 
obtained. This 24h campaign was completed with soil CO2 concentration and δ13CO2 sampling every 2 
hours by collecting 1l Tedlar bag from soil. Inside the cave, continuous measurements of microclimatic 
parameters were registered while 3 discrete air samples were performed to analyse the δ13CO2 in cave 
air. 
2.3. Laboratory experiments 
2.3.1. Soil properties 
Soil samples were collected from the upper 30-cm layer of Rull cave field site. The soil was prepared 
following the same procedures in all the experiments. The organic layer and roots were removed and 
then the soil was dried at 40 ºC during 48 hours. Once removed the H horizon, the experimentation was 
performed with the unique existing soil horizon with uniform physical properties. 
Physical properties of the soil above Rull cave were determined in order to characterize the soil 
employed in the laboratory experimentation. Bulk and grain density of soil are respectively 1.3 and 2.36 
g cm-3, with total porosity of 52%. The grain size distribution is: 0.002 mm (2.2%), 0.063-0.002 mm 
(80.1%) and 2-0.063 mm (17.7%), i.e., Rull soil is classified as silty/silty-loam soil.  Soil is mainly 
composed by quartz (70%), phyllosilicates (20%), calcite (5%) and feldspars (5%). Organic matter 
content, determined by the Walkley-Black method, is 14.7%.  
2.3.2. Soil column experiments  
To measure CO2 diffusion through soil, a particular laboratory experiment was specially designed for this 
study (Figure 1). The experiment consisted in a soil column design to perform a gaseous CO2 injection. 
From a PVC (polyvinyl chloride) pipe a cylinder of 60 cm long and 22 cm diameter was obtained. A pair 
of 3 cm diameter holes was drilled up along the column with a vertical separation of 32 cm in order to 
allocate the sensors. The holes were diametrically distributed avoiding vertical allocation. They were 
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designed to hermetically and horizontally positioned one CO2 (GMP222 Vaisala Carbocap, 0-8000 ppm 
measurement range, accuracy ±1.5%), one temperature (PT-100, accuracy ±0.5 ºC) and one volumetric 
water content probe (ECHO EC-5, Decagon Devices, accuracy 1-2%) at every height poked into the soil 
and connected to a datalogger (CR-1000 Campbell Scientific). A homogeneous representative field dried 
sample was packed manually into the PVC piece to accomplish a uniform compaction and create a field 
analogue sample, trying to match the most similar field conditions. Particular care was considered when 
compacting the soil to avoid preferential fluxes between the pipe walls and soil. The column was then 
left to equilibrate for two weeks before the gas experiment started. Similar experiment was successfully 
developed by O´Brien et al. (2014). The entire soil column was supported by a wire mesh placed in the 
bottom of the column and, beneath this wire mesh, a homogenization chamber 18 cm height and the 
same diameter of the PVC column, was set up. The bottom of the chamber was supplied with an inlet 
valve in order to allow the CO2 injection. In every experiment 1l of CO2 (g) was injected. Gas diffused 
through the soil column, entering by the wire mesh. The changes with time in CO2 concentrations, 
temperature and volumetric water content (WVC) were measured with the two different set of probes 
located at the different heights. In addition, independent measurements of CO2 fluxes (mol m-2s-1) 
from soil surface to open atmosphere were obtained continuously using an automated soil CO2 flux 
system (Li-8100, Li-Cor, 1.5% accuracy of CO2 concentration reading) with Long-Term Chamber 8100-
104, allowing aeration between measurements. The soil column experiments were run twice: with 
completely dry soil (VWC=0 m3 m-3), and with partially wet soil (VWC=0.16 m3 m-3). To accomplish the 
partial wetting, 3.8 l of water were added to soil and homogeneously mixed before filling the pipe. As 
consequence, water content was uniform in the whole soil column. 
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Figure 1. Soil column experimental setup. 
 
2.3.3. Soil incubation experiments 
In order to understand the effect of soil moisture and temperature variations in the production of soil 
CO2, 12 soil samples (150 g soil placed in bottles) were added different water amounts and were tested 
under different temperature cycles in an incubation experiment. To prepare soil samples they were 
carefully homogenized. Water was added to the mixture, which was weakly stirred in order to 
accomplish a homogeneous moisture, and then samples were left to equilibrate for 24h. The different 
moisture treatments consisted in the addition of 0, 10, 17, 25, 32, 36, 40, 45, 50, 75, 95 and 109 g of 
water to the different soil bottles (150 g). Temperature conditions were accomplished by plunging the 
soil samples in a refrigerated bath circulator (WiseCircu WCR). The 12 samples were tested under two 
different consecutive cycles (24 h long approximately in total) of temperature variation. At first, 
temperature increased from 5 to 30 ºC and following this, temperature decreased from 30 to 5 ºC.  
Volumetric water content (VWC) and temperature were measured with an ECHO EC-5 (Decagon 
Devices, accuracy 1-2%) and a PT-100 (accuracy ±0.5 ºC) respectively. CO2 soil concentration from each 
sample was measured by using a GMP222 (Vaisala Carbocap, 0-8000 ppm, accuracy ±1.5%) buried in 
vertical position mounted in an open-end adapter.  
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2.4. Signal analysis 
Microclimatic signals from Rull cave were filtered by performing wavelet analysis (in particular the 
discrete wavelet transform (DWT)). The purpose of the filtering was focused on the CO2 signal, and had 
the objective of removing the effect of the high-frequency events in the signal (essentially the effect of 
the visitors, as other high frequency events, i.e. precipitation, were scarce in the study area during the 
recorded period). This allows highlighting the low-frequency events (natural trends) from the signal and 
thereby extracting more concise conclusions when dealing with the natural processes that occur in the 
cavity. When subtracting the high-frequency component, some medium-term component may remain 
into the total CO2 signal due to the effect of visitors. Pla et al. (2016a) demonstrated in Rull site the 
natural signal trend predominance in the annual record. Therefore, the effect of the medium-term 
component could be considered as negligible in this study. In addition, the obtained conclusions in the 
cave, were useful to determine the employed mother wavelet filter and the scale used in DWT analysis 
(Daubechies 5, which experimentally has been considered appropriate for the study of microclimatic 
signals and scale 8, which contain 1-year periodicity). 
In this study the wavelet analysis was carried out by the MATLAB-based computer code Environmental 
Wavelet Tool (EWT) (Galiana-Merino et al., 2014).  
3. Results 
3.1. Gaseous annual variability in Rull site 
The annual cycles of both gases in cave air, CO2 and 222Rn, are parallels, without hardly lags between the 
seasonal maximums and minimums. These cycles define maximum and minimum gaseous concentration 
in the cave, and related to this, they allow stablishing the recharge-discharge (degassing) stages of the 
cavity. Figure 2 and Table 1 summarize the microclimatic conditions of the cave and rainfall for the 
whole period. 
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Figure 2. Microclimatic conditions of the cave and the outdoor and soil meteorological parameters for the studied 
period. Shaded areas in the graph indicate the length of the gaseous recharge and ventilation of the cavity.  Dashed 
lines indicate when the cave changes from recharge state (isolation) to outgassing (ventilation). Period of time 
between maximum value of Tout-Tin difference and maximum value of cave air CO2 and between maximum soil CO2 
and cave air CO2 are also indicated (see text and Table 2). Virtual Tin is calculated in order to detect the effect of the 
partial CO2 pressures (see text). Thick lines in the signals are the result of DWT filtering. 
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The filtered signals (December 2012 – January 2016) are considered to represent the natural processes 
that occur within the cavity once the high-frequency disturbance has been removed. In the 3-year 
period, an upward interannual trend is detected in outdoor and indoor temperatures (Tout, Tin) and most 
of the parameters, with the exception of CO2 concentration inside the cavity, outdoor relative humidity 
(RHout) and accumulated rainfall, that differ from the tendency in 2014. The upward trend (Table 1) is 
confirmed by the permanent probes installed in the cavity and also by the portable probes used within 
the field campaigns. Inside the cavity, average value of Tin and RHin increase was 0.2 ºC year-1 and 0.3% 
year-1 in the whole period. Tout average increase was 0.4 ºC year-1. 
A key factor in the degassing (ventilation) stage is that clearly the beginning and the end of this stage is 
stablished by the relationship between Tout and Tin. Figure 2 shows the results of the temporal variation 
of soil CO2 and the simultaneous CO2 concentration of the cave air. In a cave, partial pressures of CO2 
might be large enough to affect the air density. Therefore, Kowalski and Sanchez-Cañete (2010) 
proposed the definition for the virtual temperature, which takes into account the heaviness of CO2. As a 
consequence, the difference between outside and virtual indoor temperate, TVin, describes the 
degassing stage rather than Tin-Tout relationship. Figure 2 shows a slight delay in the degassing stage 
considering both Tin and TVin. Thus, effect of the partial CO2 pressures in the degassing stage is not 
determinant in the studied cave and therefore we consider Tout and Tin in the calculations. 
Maximum values of CO2 concentration in soil for the annual cycles occurred in spring and were 2769 and 
3431 ppm (April 2014 and April 2015 respectively). Different factors influenced on the maximum values 
in soil CO2, such as the vegetation growing, where soil respiration rates are significantly higher (Liu et al., 
2016). On the contrary, the lowest CO2 soil concentrations were detected between August and 
September for the both cycles (1167 and 1778 ppm in 2014 and 2015). Soil CO2 maximums and 
minimums precede maximums and minimums of cave CO2 concentration respectively. Maximum values 
of soil CO2 occurred in 2014 and 2015, 122 and 117 days in advance to the maximum CO2 concentration 
of cave air. In addition, for 2013, 2014 and 2015, maximum concentration of cave air CO2 was 
accomplished 49, 48 and 26 days after the moment of maximum differences between Tout and Tin (Table 
2). Figure 2 also contains the diary rainfall for the whole period and the soil temperature (Tsoil) and VWC 
for the last ten months of the study. Some differences were found in the rainfall amount during these 3 
years. While in the first year the total rainfall amount was 501 mm, 2014 was characterized by having 
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the lowest (248 mm), which supposes more than 50% of reduction when comparing with both, 2013 and 
2015 (2015 was the wettest year with 623 mm). Larger soil CO2 concentrations in 2015 seem to be 
related to this. Even considering the short register of Tsoil and VWC, rises in soil CO2 concentration in 
2015 are affected by the occurrence of rainfall episodes (May and October-November 2015), which 
directly increase soil VWC. Soil temperature follows the same pattern of the atmospheric air 
temperature (Tout) as this is the main influential factor. The lowest Tsoil daily average value (6.8 ºC) was 
registered in February while maximum was registered in the end of July (28.9 ºC). Tsoil directly depends 
on Tout with a time mismatch relative to the soil thermal conductivity.  
3.2. δ13CO2 isotopic signal and CO2 sources 
The soil-cave-atmosphere relationships are established with the results of the air sampling and analyses 
of the CO2 abundance and its carbon isotopic signature in Rull cave. Carbon dioxide in the soil is mainly 
derived from two sources: respiration of living plants and decomposition of organic matter by soil 
microorganisms (Amundson et al., 1998). Although in Rull area, plants contribution to soil respiration 
might be substantial in the spring (the vegetation growing season might be related to increases in soil-
produced CO2), in the study area plants are scarce and basically composed by Mediterranean shrubs, 
which suffer from prolonged dry periods. Matteucci et al. (2015) recently demonstrated that soil 
respiration estimated for a Mediterranean forest during a dry period was driven mostly by microbial 
respiration.  
Figure 3(a) shows the Keeling plot for Rull samples. The Keeling plot for the analysis of the δ13CO2 
isotopic signal (Keeling, 1958), demonstrates that, in Rull cave air, the CO2 concentration is the result of 
mixing the background atmospheric CO2 with the soil-produced carbon dioxide. When performing the 
linear fitting with the annual data, the y-intercept value (-27.00‰) of the Keeling model for Rull samples 
points to a dominant component of soil organic CO2 originated from soil organic respiration (Garcia-
Anton et al., 2014). The carbon isotope chemistry of a soil will be therefore the result of the respiration 
of plant roots and the microbial decomposition of soil organic matter. For C3 plants, the average δ13CO2 
value is -27‰ (Deines, 1980; Amundson et al., 1998). 
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Figure 3. (a) Keeling plot for the discrete sampling (average value from each performed campaign) for Rull soil, 
exterior air and cave air. Changes in δ13CO2 (‰) in soil and cave air due to annual cycles are indicated in the frame. 
(b) Soil and cave CO2 concentration (ppm) and δ13CO2 (‰). Values obtained from the discrete samples from January 
2014 to July 2015. Dashed vertical lines indicate changes in δ13CO2 (‰) due to annual cycles. 
 
δ13CO2 measures performed in Rull cave for the period 2014-2015 allow identifying the recharge-
discharge (degassing) stages of the cavity. Figure 3(b) describes the δ13CO2 soil and cave annual 
evolution and CO2 concentration. Soil δ13CO2 shows a negative relationship with soil CO2 concentration. 
Decrease in soil δ13CO2 values (lighter values) points to periods dominated by soil CO2 production. In the 
cave, heavier δ13CO2 values are related to a major influence of the external atmosphere, which occurs 
during the degassing stage (i.e. during the coldest months). Lighter values of δ13CO2 in the cavity 
indicate a major influence of the soil-produced CO2, which is predominant in the recharge stage, during 
the warmest months. 
3.3. Daily variations in soil-produced CO2 
The monitored parameters and the analysis performed in July 2015 in Rull soil for a 24h period provided 
a diary cycle of the soil atmosphere behaviour. Figure 4 shows the daily variations of soil CO2 
concentration and fluxes in accordance to Tsoil and VWC. At night, when soil CO2 concentration and flux 
have lower values, peaks in δ13CO2 reveal a likely lower activity of soil microorganisms as consequence 
of the decrease in Tsoil. In the central hours of the day the occurrence of major fluxes and soil CO2 
concentrations are related and depend on Tout and Tsoil. Lighter values of δ13CO2 imply major activity of 
soil microorganisms and thus higher CO2 content in soil. In addition, when soil fluxes show maximum 
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values (nearly 5 mol m-2s-1) from 13:30 to 16:00, atmospheric air δ13CO2 reaches more negative values 
that could be consequence of the soil fluxes influence. 
 
Figure 4. Daily variations of CO2 and δ13CO2 (outdoor, soil and cave air). Soil CO2 fluxes, outdoor and soil 
temperatures, soil VWC and outdoor relative humidity and cave temperature in the 24h field campaign (17-18 July 
2016). 
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In the 24h campaign major activity of soil microorganisms was found at midday, but in annual time 
scales and for Rull site, it occurs generally in April-May (Figure 3(b)). If average value of δ13CO2 within 
the 24h register is compared to annual values, it points to a low soil activity and, in addition, to a 
ventilated soil air, which matches with the dry state of the soil during the day (high temperatures are 
responsible for low soil water contents that allow gaseous circulation through the soil porous system). 
During night, rises in soil VWC are found likely due to dew condensation and relative to the higher 
RHout found at night (up to 90%). Fernandez-Cortes et al. (2013) demonstrated that water 
condensation in the porous system is triggered when the partial pressure of vapour in the air exceeds 
the vapour pressure at the temperature of the soil surface, or at the temperature of the water film 
previously condensed on the soil surface. Water condensation is more active due to the presence of a 
pore structure and dissolved salts. In porous materials, such as the studied overlying soil, water 
condenses at relative humidities (RH) below saturation (100% relative to a planar water surface). For 
RH values between 75-85% at constant temperatures, the water layers merge into the small pores due 
to capillary condensation, which is effective for pore radii close to 0.1 µm. When RH exceeds 85%, 
capillary condensation becomes important and a significant increase in soil water content is produced. 
The grain size distribution and the presence of phyllosilicates in Rull soil indicate the presence of pore 
size lower than 0.1 µm, thus, it is feasible that during night, effective condensation in the soil porous 
system is produced. The same process has been previously identified in other soils above caves 
(Cuezva et al., 2011). Within a 24h period, the temperature decrease at night is responsible for the 
decline of soil CO2 production. 
CO2 concentration in atmospheric air remains almost constant for the whole campaign (average value of 
431±20 ppm). δ13CO2 in the atmospheric air showed variations ranging from -4.35 to -8.82‰ with an 
average value of -6.71‰. Although the annual cycle in Rull cave presents important variations in cave 
CO2 concentration, in the diary cycle, in this period, no significant differences are detected because Tout> 
Tin and this situation leads to a reduction in the connexion between cave-soil-atmosphere. The discrete 
measures of cave air δ13CO2 seem to vary in a weak range, remaining almost constant. The 
measurement range varied from -22.16 to -22.23‰ and so that no substantial variations of this 
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parameter were identified. Cave air CO2 was 3483±91 ppm. The narrow variations in cave air δ13CO2 and 
concentration indicate a lack of connection in the gaseous exchange between soil and cave. 
3.4. CO2 diffusion in soil experiments 
In the soil column experiment, CO2 moves through soil pore system by diffusion as consequence of a 
concentration gradient (Crank, 1956; Rolston and Møldrup, 2002; Risk and Kellman, 2008; Jabro et al., 
2012; among others). The experiment performed in the soil columns revealed differences between dry 
(Figure 5(a)) and wet soil (Figure 5(b)). In both, average CO2 concentration previous to the CO2 injection 
was 450 and 3070 ppm respectively due to the heterotrophic respiration by microorganisms (Kuzyakov, 
2006). In both soils, measured fluxes vary according to oscillations in temperature. In the dry soil 
column, maximum surface flux was 5.0 mol m-2s-1 and was registered 21 hours after the injection. In 
the wet column a constant VWC (0.16 m3 m-3) was maintained in soil for the whole experiment since it is 
a representative value of the mean VWC in Rull soil. Peak value of CO2 flux was 43.1 mol m-2s-1, 
registered 27h 30min after the injection. Fluxes are much notable in the wet soil, and this is caused for 
the soil activity, which constantly increases the CO2 concentration in soil. Diffusion coefficient in the wet 
column has been demonstrated to be lower because the soil water content reduces the available space 
to gas movement within the soil porous system, which is confirmed with the major times required by 
the injected gas to reach the soil surface.  
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Figure 5. CO2 concentration measured in the flux chamber and with the top sensor. Flux and temperature values 
measured in the soil column experiments. (a) Dry soil (VWC = 0 m3 m-3). (b) Wet soil (VWC =0.16 m3 m-3). The 
measures performed in the bottom of the column were higher than 8000 ppm and were out of the probe 
measurement range for the most of the experiment, thus the data is not showed. 
 
3.5. Influence of soil temperature and moisture on soil CO2 concentration 
With the incubation experiment, it was found positive correlation of soil CO2 production with the 
increase of soil temperature. Figure 6 shows that moisture treatments when adding water from 0 to 
more than 50 g (in 150 g soil) describe, generally, a direct relationship between the amount of water 
and temperature. However, between 25 to 50 g of water and for temperatures lower than 15 ºC, CO2 
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production seems to be constant, pointing to a possible CO2 dissolution in the soil water, enhanced at 
lower temperatures. 
 
Figure 6. CO2 concentration in soil for the different moisture contents and temperatures. 
 
Major CO2 concentrations are related to maximum temperatures and higher water contents in soil. In 
contrast, an opposite pattern is described by the soil samples with permanent high water contents 
(related to VWC larger than 0.5 m3 m-3). In this group, soil samples are related to lower and almost 
constant soil productions, describing a negative linear relationship between this parameter and the CO2 
concentration.  
From this experiment, CO2 concentration was parameterized via a logarithmic expression of soil 
temperature and volumetric water content for samples containing less than 50 g of water (VWC <0.5 m3 
m-3).  
𝑙𝑜𝑔CO2 = (1.78 · VWC + 2.52) + (0.05 · VWC + 0.02) · Tsoil   (1) 
The goodness of the fitting was R2=0.9366. This reliability was lower when applying the model to 
monthly field data (Rull soil temperature and VWC as inputs) to compare measured and estimated soil 
concentrations because it underestimated soil CO2 in an average of 27%.  
4. Discussion 
4.1. Gaseous recharge of Rull cave 
Rull cave is a karstic cavity which might be representative of a wide range of natural shallow vadose 
environments. The analysis of this particular case pretend to summarize the complex relationships 
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between the outdoor atmosphere, the soil/rock membrane and the underground atmosphere, which 
conform a multicomponent system (Figure 7). 
 
Figure 7. Seasonal dependence between the outdoor atmosphere, the soil/rock membrane and the underground 
atmosphere. 
 
As Figure 2 shows, Rull cave experiences annually periodic cycles. Both gases, 222Rn and CO2 follow the 
same pattern even when the source is different. These annual cycles are characterized by two 
outstanding moments related with the thermal relationship between outdoor and indoor air 
temperatures and responsible for the intensity of cave ventilation (Bourges et al., 2006; Frisia et al., 
2011; Breecker et al., 2012). The cave is governed by a dynamic model, which combines diffusive and 
adevctive fluxes. Although both exist simultaneously the prevalence of one process over another for a 
certain period is responsible for the gaseous concentration in the cavity. Every year, between March and 
May, Tout exceeds Tin and density difference between both air masses derives in a pause on the 
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ventilation prevalence. As consequence, the colder and denser air in the cavity remains nearly stagnated 
and the existing advective gaseous movement between exterior and interior air masses becomes lower. 
The connexion between cave and atmosphere becomes limited. This makes possible that 222Rn 
concentration, emitted by soil and rock, increases constantly in the cavity. This state also allows that a 
direct diffusion of CO2 soil derived to the cavity (Faimon et al., 2012) prevails for a certain period being 
of a great significance. Lighter δ13CO2 values indicate periods dominated by soil CO2 production. Thus, 
the lighter values of δ13CO2 within the cave from the beginning of the isolation stage (Figure 3(b)) might 
confirm a direct contribution of soil CO2. Moreover, the existence of a CO2 concentration gradient 
between the soil and the cave confirms the possibility of the CO2 diffusion from soil (Figure 2). Major 
concentrations of soil CO2 are found for the two cycles between March and May, which would stimulate 
the beginning of the diffusion considering cave CO2 concentration. By diffusion, soil CO2 reaches the 
cavity and provokes its gaseous recharge. During this stage the cavity acts as a sink of CO2. In July and 
August, when the cave CO2 levels exceed soil CO2 concentration, CO2 concentration climbs to 
maximums. Soil, epikarst and cave are continuously communicated. Soil-produced CO2 slowly 
downwards to the cave filling the pore space of the rock. Therefore, the epikarst also presents a high 
CO2 concentration. During the dry and warm season soil-contained CO2 decreases due to the less 
production and higher communication with the exterior atmosphere. This slowly affects the epikarst 
and lately would affect the cave. However, the decrease of CO2 in the cave is lagged to the decrease of 
CO2 in the soil because the epikarst (which, at this period, presents a high concentration of CO2) damps 
the soil-cave relationship (in Rull cave the relative thickness of the host rock varies from 9 to 23 metres). 
The epikarst acts as the source while its CO2 level remains higher than the cave.  
4.2. Diffusive transport of soil-produced CO2 to the underground 
The average length of the recharge for these 3 years was 155 days. CO2 concentration in soil increases 
with depth (Amundson et al., 1998; Amundson, 2001; Fierer et al., 2005) and thus the measured soil CO2 
values (Figure 2) are likely higher at the bottom of the soil profile (i.e. the existing soil-cave 
concentration gradient will be higher). The CO2 concentration gradient, the diffusion coefficient and the 
depth by which the gas moves trough determine the existence of a diffusive flux as described by Fick’s 
Law. For Rull soil, CO2 diffusion coefficient obtained from lab measures in dry soil was 1.49·10-6 m2 s-1 
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and this value was reduced to 0.61·10-6 m2 s-1 when the soil was saturated with 0.30 m3 m-3 (Pla et al., 
2016b). Soil column tests demonstrated the narrow relation between CO2 diffusion and water content in 
soil, which also depends on temperature variations. A rise in the soil water content produces the closure 
of the soil pore system, which hinders gas circulation and, consequently, the diffusive transport is 
slower. 
On the one side, the diffusion predominance in the cave is triggered once the gradient of temperatures 
(Tout-Tin) is inverted. On the other, the maximum CO2 stored volume within the cavity is consequence of 
the soil CO2 concentration that lately depends on soil temperature and moisture as demonstrated by 
the incubation experiment.  
Soil-produced CO2 diffuses towards the less concentrated underground environment, filling the cracks, 
voids and porous system, reaches the cave and increases the CO2 concentration of the inner 
environment. Diffusion mechanism will be equally regulated by the available air-filled pore space within 
the host rock (primary and secondary porosity), which will allow the gas diffusive transport from the soil 
to the cave. 
4.3. Temporally pattern of CO2 concentration in soil 
24h sampling revealed significant relationships between soil temperature and CO2 fluxes from soil to 
atmosphere and concentration in soil air (Figure 4). The 24h field campaign was performed in summer 
when the senescent nature of the vegetation in this period reduces the autotrophic component of soil 
respiration. The results from the 24h monitoring campaign show that soil temperature is the parameter 
that mainly controls the evolution of soil CO2, and so that, the existing relationship between 
temperature and CO2 concentration in the laboratory experiment is supported, even considering the 
scarce water content in soil. The water content does not seem to play a definitive role in the daily cycle. 
Among other factors, the fall in soil temperature at night is enough to decrease soil CO2 as 
demonstrated by the laboratory experiments. But, in addition, at night, rises in relative humidity might 
cause water to condensate in the soil pore space and once saturated with water, it can be virtually 
impermeable to gas movement. Furthermore, within the 24h field campaign, at night, relative humidity 
in the atmosphere increases, temperature decreases and water content in soil increases.  In Figure 4 the 
increase in δ13CO2 at night (from -19‰ to -16‰) is caused by the colder and denser external air which 
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enters the soil by an advective mechanism. Under this situation, the external air produces that δ13CO2 
becomes heavier and reduces CO2 fluxes and CO2 soil concentration. Although it has not been quantified 
in this study, the occurrence of abiotic processes might contribute, in addition, to variations in soil CO2 
(Emmerich, 2003). Particularly, associated to geochemical reactions occurring due to the CO2 
interchange between air, water and the host rock. Soil CO2 would react with the carbonate host rock of 
the cavity. The highest temperatures and the driest situation during summer (within the 24h field 
campaign) would reinforce the precipitation of carbonate, contributing to changes in the δ13CO2.  
Soil temperature is a decisive factor and many researchers use soil temperature as the main 
environmental driven in soil respiration (Raich and Schlesinger, 1992; Kätterer et al., 1998; Mukhortova 
et al., 2015). However, in semiarid regions moisture has been demonstrated to be a major factor driving 
soil respiration (Lavigne et al., 2004; Badia et al., 2013; Chang et al., 2014). The annual sampling reveals 
that higher temperatures correspond to the lowest soil CO2 concentrations, and, therefore the direct 
relationship between soil temperature and soil CO2 becomes weaker in the larger time scales. 
Nevertheless, the soil water content seems to be substantial in the annual periods. The lack of water in 
soil is decisive when soil CO2 drops to minimums every year in summer. In addition, this lowest VWC 
favours a soil porous system with no water, responsible for a major soil ventilation (atmospheric air 
easily mixes with the soil air). Both, the scarce VWC and the soil ventilation, are responsible for the 
decreases in soil CO2 concentration and for the heavier δ13CO2 values in the warmer months. Soil VWC is 
responsible for differences in soil CO2 concentration in 2014 and 2015. In 2014, rainfall previous to the 
beginning of the diffusion recharge (January-May) was 81 mm and in 2015 for the same period it was 
284 mm. The major rainfalls resulted in a major soil CO2 concentration. This major CO2 soil production 
derived in a higher cave CO2 concentration, which diffused from soil. While maximum value of cave CO2 
was 3169 ppm in 2014 it raised up to 3659 in 2015 (Figure 2). So that, the slope of the recharge period 
varies in each cycle depending on the existing relationships between soil and cave (Table 2 and Figure 
2). Although there is evidence of a constant slope for the whole recharge, the curve tends to show a 
faster rate at the beginning of the process. The largest measured concentration gradient between soil 
and cave appeared in 2015, coincident with the shortest recharge. 
Vargas et al. (2010b) demonstrated that relationships between soil moisture and soil production were 
significant at intermediate periods while strong significant correlations were observed between soil 
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production and soil temperature at the 1-day period. VWC in soil seems to be decisive when rising soil 
CO2 concentration. In Rull soil, as in many semiarid locations, soil moisture strongly influences the 
physiological activity of vegetation and soil microbes (Qi and Xu, 2001) and thus the driest periods show 
the minor soil CO2 concentrations. Specially during the dry season and considering these semiarid 
environments, rain events cause a notable increase in the soil respiration (Xu et al., 2004; Chen et al., 
2014). Xu et al. (2004) confirmed that during dry seasons soil microbes respond quickly to a sudden 
increase in soil moisture from occasional rain events, and this is the cause of the great and anomalous 
increase in soil CO2 that took place in November 2015. Relative to this, Zornoza et al. (2016) affirmed 
that intense precipitation events provoke soil saturation by water, which leads to decreases in soil 
respiration rates. This could be due to a decrease in soil CO2 diffusivity or soil CO2 production. In our 
laboratory experiment, the dependence between water content and temperature with soil-produced 
CO2 was demonstrated. In addition, the detected CO2 decrease in samples with highest VWC might be 
related to the decrease in soil CO2 production due to the soil complete saturation by water (Figure 6). In 
Rull site, the effect of the rainfall events in soil water content was punctual due to the scarce occurrence 
of them and, when occur, due to rapid infiltration. Contrary to the incubation experiments, registered 
rainfalls did not cause the water saturation of soil, which would have been related to descents in soil 
CO2. Maximum value of field VWC (related to unusual occasions) was 0.53 m3 m-3 and thus such as high 
water contents (> 0.5 m3 m-3) were not found frequently and permanently in the field measurements. 
4.4. Gaseous discharge of Rull cave 
When CO2 from soil and cave air gets balanced the gradient between concentrations becomes inexistent 
and diffusion process finalizes (July-August). As aforementioned, soil CO2 values (Figure 2), should be 
larger if the measure was performed at a higher depth and thus the gradient between soil and cave 
would get balanced later. Most of the CO2 interchange occurs between the deepest part of soil-epikarst 
and the cave. When the concentration gradient reverses sign, an opposite diffusion CO2 flux would start 
from the cave to the soil. After reaching the maximum, cave air CO2 concentration starts decreasing 
even when Tout is still higher than Tin. This weak decrease in cave air CO2 could be related to the air 
movement to the deepest parts of the cave due to either a concentration gradient or a thermal 
stratification of the air mass inside the cave.  
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The sharp decrease in cave air CO2 occurs when ventilation starts. The thermal inversion between 
outdoor and indoor temperatures changes the gaseous dynamics in the cavity. Rull cave volume is lower 
in elevation than the entrance, and this factor is decisive for the ventilation of the cavity. Every year 
between October and November, cave air temperature is higher than the outdoor temperature and, 
under this situation, ventilation becomes efficient through host rock fractures because the denser 
outside air flows into the cave, mixing with and displacing the CO2-rich cave air, and causing CO2 levels 
within the cave to decrease.  
A similar seasonal pattern of the composition of cave atmosphere and its gas exchange with exterior has 
been previously study by James et al. (2015). The process is also confirmed by the 222Rn concentration, a 
good indicator of the connexion between the subterranean environment and the atmosphere 
(Valladares et al., 2014), which, simultaneously to the CO2, suffers a sharp decrease as consequence of 
the ventilation.  
The input of atmospheric air into the cavity produces a heavier δ13CO2 within the cave, as showed in 
Figure 3. The period needed to replace the cave air (CO2 enriched) by ventilation (advection process) is 
shortest in comparison with the diffusive recharge (Table 2). Although lowest cave CO2 concentration is 
reached between February and March, the most pronounced descent in cave takes place in a short time 
lapse that ends between November and December.  
4.5. The role of Rull cave in the soil-produced CO2 redistribution. Considerations on climate change 
While Rull cave remains ventilated, continuous air exchange dominates the underground atmosphere 
and although CO2 diffusion from soil to cave exists for the most part of the ventilation period (as 
demonstrated by the variation of the δ13CO2 cave measures) it is hindered by a strong external and 
continuous air supply. The ventilation stage implies that the cavity acts as a CO2 source. Plenty of CO2 is 
contained in the subterranean environments, turning these environments into non-negligible 
contributors in the global CO2 balance, which should not be underestimated (Serrano-Ortiz et al., 2010; 
Cuezva et al., 2011; Bourges et al., 2014). Caves redistribute the soil-produced CO2. Their stored CO2 
capacity and potential contribution to the annual global CO2 cycle will be different depending on the 
climatic relationships and soil properties for each site. A mass balance in terms of air advection 
(ventilation) between the Rull cave and the outside atmosphere estimates the total CO2 flux from the 
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cave to the external atmosphere for all the studied cycles. The model was previously established in 
Garcia-Anton et al. (2014) and Fernandez-Cortes et al. (2015b), which developed a method for 
calculating the mass balance of CO2 in dynamically ventilated caves. 
Air movement that produces the inflow of exterior air primarily controls the CO2 outgassing of the cave 
air. Therefore, in the ventilation stage, the cave air is the resulting air mixture of the initial subterranean 
atmosphere (CO2-background before the process) and a certain quantity of the exterior air input that 
enters the cavity due to a volumetric air exchange.  
Considering any volumetric unit (relative volume), the total cave air volume (Vc), the total volume of 
background component (Vb) and the total volume of exterior air input into the cave (Ve) are related as 
follows:  
𝑉𝑐 = 𝑉𝑏 + 𝑉𝑒 = 1        (2) 
By means of a mass balance, the concentration of the cave air can be written as a relation between the 
background component (Vb) and the exterior component (Ve): 
[CO2]c · Vc = [CO2]b · Vb  × [CO2]e · Ve     (3) 
Or in a time-dependent relation: 
[CO2]c(t) = [CO2]b + Ve(t) × ([CO2]e − [CO2]b)    (4) 
where [CO2]c(t) is the CO2 cave concentration (ppm) in the end of the ventilation slope (November-
December), considering the period taken for the emptying of the cavity and which varies from cycle to 
cycle. [CO2]b is the background concentration of CO2 (ppm) inside the cave at the beginning of the 
ventilation period, [CO2]e is the average CO2 concentration in the exterior atmosphere (average value 
for the studied period of 423 ppm) and Ve(t)  is the total volume of exterior air input into the cave, 
dependent on the time or, in other words, the ventilation rate between the exterior and the cave.  
The length of the gaseous ventilation for each annual cycle was 94 and 114 days for 2013 and 2014 
(Table 2 and Figure 2). For the last cycle (2015-2016), the last data was acquired in January 12 (2016), 
when minimum had not yet been reached. Thus, the length would be larger than 110 days. The 
calculated volume for Rull cave is 9915 m3 and thus, the net amount of CO2 (considering the total 
discharge period) emitted to the atmosphere was 62 and 55 kg for 2013 and 2014. A total amount of 55 
kg was also calculated for the last cycle, but the amount of CO2 would be larger since in January 12 
(2016) the lowest CO2 cave concentration was not reached. The estimations for other subterranean 
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galleries reveal significant estimated outgassing daily fluxes of CO2 with different order of magnitude 
(e.g. 120 mol day-1 on average for the Hollow Ride cave (Kowalczk and Froelich, 2010), 2.34 to 11.71 kg 
day-1 for Grotta di Ernesto (Frisia et al., 2011) or 335 kg day-1 for Ojo Guareña karst system (Fernandez-
Cortes et al., 2015b)). 
The distribution of continental outcrops of karst rocks, mainly carbonates and evaporites, ranges 13.8-
16.7·106 km2 and 0.16·106 km2, respectively, according to some surficial Earth system analyses (Suchet 
et al., 2003; Durr et al., 2005; Ford and Williams, 2007). Other previous studies estimate the karst 
landforms cover 10 – 20% of the continental surface (Palmer, 1991). Most of karst landscapes exhibit 
solution-enlarged fractures, caves, and internal drainage networks that provide conduits for the 
advective flow of air though porous rock units and, consequently, it causes large volumes of the 
atmosphere to interact with subterranean surface areas. 
The worldwide surface area of the conduits capable of interacting with the atmosphere is unknown but, 
as a first attempt, we have extrapolated the locus pattern of CO2 sink/source of Rull cave to a global 
scale, according to the upscaling steps provided by Fernandez-Cortes et al., (2015b). The monitoring 
study at Rull cave has provided the following key parameters needed for this upscaling procedures, 
including: i) number of day per year with high ventilation (106 days), ii) averaged mass of CO2 evacuated 
during the annual season of cave air ventilation from 2013 to 2015 (57 Kg) and iii) depth of karstified 
vadose zone where air exchange with exterior by advective process is noticeable in accordance to our 
cave monitoring results (23 m). From this parameterization, we also estimate that the amount of 
subsurface-related CO2 evacuated by advective forces likely ranges 33.7-44.0 Tg year-1 on a global scale. 
The result of the evacuated CO2 mass seems to be underestimated in comparison with other studies 
(Serrano-Ortiz et al., 2010; Fernandez-Cortes et al., 2015b) as consequence of the small dimensions of 
Rull cave compared to other longer subterranean systems.  
It has been previously demonstrated that, among other factors, the main drivers in establishing when a 
subterranean environment acts as a sink or source of CO2 are the existing climatic parameters. In Rull 
cave, results confirm the narrow existing dependence between climate conditions and CO2 dynamics in 
the cave-soil-atmosphere system. Variations in outdoor temperature directly affect, on the one side, to 
the beginning/ending of the diffusion recharge and to the ventilation (discharge) of the cavity. Besides, 
rises in outdoor temperature cause rises in cave temperature, which becomes higher every year. On the 
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other side, variations in outdoor temperature directly affect to soil. Soil parameters are essential in soil 
production and thus, in the amount of soil derived CO2. In addition, rainfall influences all the process in 
annual scales. As seen above, in this semiarid region, major rainfalls will be responsible for major soil 
productions. And as established previously by other authors (Tang et al., 2003; Turcu et al., 2005; Jabro 
et al., 2012) the gaseous diffusion through soil will vary in accordance to the water content in soil. 
Climatic variations regulate the gaseous cycles of the cavity and shape them. Future predictions about 
climatic change in long time scales may consider all these changes in order to better estimate future 
scenarios of these natural CO2 temporary reservoirs that suppose large amounts of this greenhouse gas 
to the lower troposphere (Benavente et al., 2015), accordingly to the annual soil-produced CO2 
redistribution. When considering future occurrences, the Coupled Model Intercomparison Project Phase 
5 (CMIP5) shows a general tendency for annual-mean conditions to be warmer and drier, which is 
confirmed at the geographical coordinates of the cave surface. For instance, it predicts that extreme 
precipitation generally increases faster than total wet-day precipitation. In regions such as the 
Mediterranean, increases in consecutive dry days coincide with decreases in heavy precipitation days 
and maximum consecutive 5-day precipitation, which indicates future intensification of dry conditions 
(Sillmann et al., 2013). This is coincident with the Mediterranean climate expectation about the 
reduction in the intensity and distribution of rainfalls (IPCC, 2013; Matteucci et al., 2015; among others). 
Furthermore, other climate change scenarios predict a global trend towards increasing extremes in 
precipitation without changing the total precipitation (Xu et al., 2004), which will contribute to the 
erratic seasonal and inter-annual distribution of precipitation events. ALADIN climate model 
simulations, focused on the Mediterranean area and provided by the MED-CORDEX initiative (Herrmann 
et al., 2011; Tramblay et al., 2013; www.medcordex.eu, Ruti et al., 2015), confirm the warmer and drier 
trends in Rull area. Taking into consideration the estimated values from applying the ALADIN 
simulations to Rull site and considering Eq. (1), reductions in soil VWC, will be responsible for decreases 
in soil CO2. Future under this situation will derive in changes in the CO2 storage capacity of the cavity.  
Changes in the stored CO2 concentration along the annual cycle in Rull cave might not mean a significant 
change in the contribution of CO2 to the global carbon cycle but, considering the multiple potential 
hotspots in regions with subterranean atmospheres, it is timely to consider these terrestrial ecosystems 
in future estimates for carbon balance and, in particular, its key role as CO2 regulators under the 
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upcoming climatic scenarios. 
5. Conclusions 
This study relies on the existing relationships in the multicomponent system conformed by the outdoor 
atmosphere, the soil/rock membrane and the underground atmosphere. Within the cave, the gaseous 
recharge primarily occurs when CO2 diffusion from soil prevails to advective gaseous movement. This 
state favours the effect of soil CO2 diffusion responsible for substantial increases in cave CO2 
concentration. Maximum values of soil CO2 are coincident with the beginning of the cave gaseous 
recharge and, as consequence, the diffusion process is enhanced due to the significant gradient of CO2 
concentration between soil and cave air. Although diffusion is responsible for the gaseous recharge of 
the cavity, in some cases, additional direct advective fluxes from soil (containing CO2 enriched air) could 
occur simultaneously to the diffusion recharge. Soil CO2 diffusion is also strongly linked to the soil pore 
space, which is responsible for the gas movement depending on the water saturation. Soil temperature 
and moisture directly influence soil CO2 production although different patterns have been found related 
to the time scale. While daily CO2 soil cycles are mainly controlled by soil temperature, in the larger CO2 
time scales, the direct relationship between soil temperature and soil CO2 disappear. Moisture content 
is substantial in the annual periods as the lack of water in soil is decisive when soil CO2 drops to 
minimums. Not only the length but also the slope of the recharge period in each annual cycle vary 
depending on soil and cave, and so does the amount of stored CO2 in the cave. The final of the diffusion 
recharge is conditioned for the balance in soil-cave concentrations and the vanishing of the 
concentration gradient.  
The ventilation state, characterized by continuous air interchange between the underground and the 
outdoor atmosphere, is consequence of the thermal inversion between temperatures. During this state, 
the effect of soil CO2 diffusion on the CO2 in underground air is hindered by a strong external and 
continuous air supply which implies that the cavity acts as a CO2 source. Caves participate in the soil-
produced CO2 redistribution throughout an annual cycle. Depending on the climatic relationships and 
soil properties for each cycle, the CO2 contribution to the atmosphere by ventilation is different. Among 
other factors, the main drivers in establishing when a subterranean environment acts as a sink or source 
of CO2 are the existing climatic parameters. As it has been demonstrated, climatic variations regulate 
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the gaseous cycles of the cavity and shape them. Future climate predictions highlight a general tendency 
for annual-mean conditions to be warmer and drier, also confirmed for Rull site. Under this situation, 
soil CO2 production will be driven by increased temperatures and scarce water content. At global level, 
forecasting about climatic change in long time scales may consider all these changes in order to better 
estimate upcoming scenarios of natural CO2 source that suppose large amounts of this greenhouse gas 
to the lower troposphere. 
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